The crystallisation characteristics of glasses based on the Li 2 O-CaO-SiO 2 -Al 2 O 3 (LCSA) system containing TiO 2 , ZrO 2 has been investigated by differential thermal analysis (DTA), X-ray diffraction analysis (XRD), and scanning electron microscopy (SEM). The partial replacement of Li 2 O, CaO and SiO 2 by TiO 2 , ZrO 2 in the studied glassceramics led to the development of different crystalline phase assemblages, including lithium calcium silicates, wollastonite, β-eucryptite and β-spodumene using various heat-treatment processes. The rod-like growth morphology was observed by SEM for glass free of TiO 2 . In this glass, ZrO 2 reduced mobility of boundary at sintering temperature, 1000˚C and relatively density was 77%. The most sinterability observed in sample containing TiO 2 and free of ZrO 2 at sintering temperature, 1000˚C and relatively density was 84%.
INTRODUCTION
Glass-ceramics are composed materials of one or more crystalline phases immersed in a residual glassy phase. They're in general outstanding properties have given rise to a wide variety of applications [1] . Glass ceramic processing has been carried out starting both from bulk glasses and from powder [2] . Glass-ceramic properties depend on microstructure and composition of phases developed during the manufacturing process. Glass-ceramics are crystalline materials formed through the controlled crystallisation of glass during specific heat treatment [3] . Mechanical properties of the ceramic materials can be improved due the incorporation of a second phase, as fibrous, hard particles or whiskers [4] [5] [6] [7] . Several works published in the literature report the improvement in properties of glass-ceramic materials [5] [6] [7] [8] [9] . Aspects such as microstructure, fracture strength and fracture toughness have been extensively investigated [10] [11] [12] . Lithium calcium aluminum silicate (LCAS) glass-ceramics have been extensively studied and commercialized due to the wide range of useful properties such as low or even zero thermal expansion coefficient (TEC), creep resistance, good resistance to mechanical and thermal shock, and excellent chemical durability [13] [14] [15] [16] . In a critical review of structure, properties and application of glass-ceramics by Beall and Duke [17] , TiO 2 and ZrO 2 have been separately recognized as the nucleating agents in the fabrication of Li 2 O-Al 2 O 3 -SiO 2 (LAS) glass-ceramics by conventional melting and crystallisation. In this work a glass ceramic material belonging to the Li 2 O-CaO-SiO 2 -Al 2 O 3 (LCSA) system crystallised with titanium and zirconium oxide particles was investigated. The effect of the crystalline agents on the physical and mechanical properties was studied. The objective of this study is to verify the possibility to obtain a glass ceramic composite material by conventional sintering process and to investigate the potential use of titanium or zirconium oxides as crystalline agents in a LCSA matrix for improving mechanical properties. The bulk chemical composition, nucleant added, final phase assemblage and microstructure are the most important factors affecting their technical properties.
EXPERIMENTAL PROCEDURE

Batch composition and glass preparation
The glass compositions in the mol % are given in Table 1 . The glass batches were prepared from reagent grade powders: calcium carbonate (CaCO 3 ), lithium carbonate (Li 2 CO 3 ), zirconium silicate (ZrSiO 4 ), quartz (SiO 2 ) and titanium oxide (TiO 2 ). The components of the batch after being accurately weighed were thoroughly mixed in agate mortar for about 15 min to ensure complete homogeneity. The weighed batches were melted in an electrically heated furnace within alumina crucible, following the same heating cycle: from 20 to 500˚C at 5˚C /min, from 500˚C to 1500˚C at 10˚C /min and finally 30 min of soaking time at the maximum temperature of 1500˚C. Melted glasses were poured into cold water and, after grinding they were remelted again. After the second melting a portion of the melt was poured into water to obtain frit and milled up frit to obtain a powder glass with particle size smaller than 30µm. The sinterability of the glasses was investigated by sintering them for 240 min at the 800, 900 and 1000 and 1100˚C with a heating rate of 20˚Cmin -1 in an electric furnace. 
Thermal measurements
The thermal behavior of glasses was monitored by DTA scans which were carried out using a simultaneous thermal analyzer (STA-1640). Platinum containers were used for both the glass and the reference samples in air static atmosphere. The DTA equipment was calibrated periodically using Na 2 SO 4 as a standard at the same conditions used for the samples measurements. The data were recorded and analysed in a computer interfaced with the DTA equipment.
X-ray diffraction (XRD) and Density
Identification of the crystal phases precipitating due to the course of crystallisation was conducted by X-ray diffraction analysis (XRD) of the powdered samples. In order to determine the crystallisation products, the heat-treated samples were subjected to XRD analysis (Siemens, D-500) using Cu Kα radiation at 40 kV and 20 mA setting and in 2θ range from 5• to 70•. The crystallisation characteristics and internal microstructures of fractured surfaces of the crystalline samples, coated with gold spray, were examined by using scanning electron microscopy (SEM model VEGA-TESCAN), on superficially polished gold-coated specimens. Energy dispersion Xray spectroscopy, EDS, was used to identify the chemical composition of the different phases in the samples. The bulk density of the sintered glass-ceramics was determined by the Archimedes method.
Mechanical tests
For bending strength tests, rectangular bars with dimensions of 10mm × 5mm × 40mm were cold-pressed. Bending strength values were determined by three point loading method, using an uniaxially pressed testing machine. The glass powders were mixed with 7wt.% methyl cellulose and cold-pressed at pressure of 65MPa.
RESULT AND DISCUSSION
Thermal analysis
The DTA curves of the G1-G5 glasses are shown in Fig.1 . Various endothermic and exothermic effects in the 750-850˚C temperature range, which referred to the glass transition T g (˚C) and crystallisation peak T c (˚C) of the glasses, are also recorded, their first crystallisation peak temperatures have been summarised in Table 2 . Sample G1 was chosen to illustrate the typical thermal behavior of the investigated glass materials, which is shown in Fig.1 . According to the DTA curve an exothermic peak that occur at 850˚C is characteristic of the glass crystallisation. It can then be elucidated that the gradual addition of TiO 2 to glasses, shifts the crystallisation peak to lower temperature. The comparison of glass transition temperatures (Tg) ( Table 2) again confirms the process of viscosity reduction due to the addition of TiO 2 additive. It can be seen that the simultaneous addition of 4.0%mol TiO 2 causes a nearly 45˚C reduction in Tg, for glasses containing ZrO 2 . This partly is due to the role of TiO2 which probably as network modifiers assumes a co-ordination number of six cations in these glasses in the range of glass transform temperatures [18] . Ionic radius of Ti 4+ is larger than Si 4+ it prefers octahedral or cubic co-ordination at lower temperatures (at T < Tg) of glasses. Ti 4+ ion, which was four-fold co-ordinated at higher temperatures (at T > Tg) in some glasses containing relatively lower amounts of RO(alkaline earth) oxides gradually becomes six-fold co-ordinated as nucleation occurred. Therefore, TiO 2 resulted in crystallisation in such glasses. On the other hand in glasses with relatively large amounts of alkali and or alkaline earth oxides owing to the existence of a large number of non-bridging oxygen ions, Ti 4+ cations can attain a co-ordination number of 6 and coordination change does not occur in them during heat treatment [19] . Figs. 2, 3 depict the variation of linear shrinkage of compacted glass powder and relative density with firing temperature. Addition of TiO 2 up to 4.0%mol, as respected, leads to improving of sinterability, may be due to increasing of viscous flow of glass. It seems that reduction of the linear shrinkage after 1000˚C is somewhat related to the bloating of the glass-ceramic (G1). It can be noted that the increase of the sintering temperature from 1000˚C to 1100˚C reduces the linear shrinkage samples, which is probably related to the volatility of this glass ceramics at high temperatures. This behavior indicates that temperature of nucleation ability of crystalline phases improve by addition of TiO 2 .
Fig. 3. Variation of relative density of glasses with firing temperature
As discussed beforehand, the most sinterability was observed in samples containing TiO 2 , which its relative density variation with temperature has been shown in Fig. 3 . It is observed that the maximum density of samples were about 1000˚C. With comparison of sintering results and crystallisation peak temperature of each glass, it can be concluded that the maximum temperature, which leads to full density, is always more than crystallisation peak temperature of the glasses. This indicates that complete densification occurred through viscous flow of the residual glass. The presence of rigid particles of TiO 2 and ZrO 2 in the LSCA glass material probably reduces the mobility of the LCSA grain boundaries during the sintering process and prevents full densification.
Crystallisation characteristics
Crystallisation of Li 2 O-CaO-SiO 2 glass-ceramics in traditional processes is generally achieved using small additions of oxides, particularly TiO 2 [20] [21] [22] , ZrO 2 [23, 24] , or a combination of both [25, 26] to the base glass. In the present work, it was found that the Li 2 O-CaO-SiO 2 system glass with ZrO 2 and TiO 2 had high crystallisation tendency upon heat-treatment. This may be explained by the phase separation of the lithia-silica glass that is caused by the incompatibility of Li 2 O with SiO 2 [27] [28] [29] . The X-ray diffraction analysis of G1 (Table 3 , Fig. 4 ), showed that wollastoniteCaSiO 3 was crystallized as a major phase together with zircon ZrSiO, β-eucryptite LiAlSiO 4 , Li 2 Al 2 Si 3 O 10 and zirconia ZrO 2 . The XRD analysis of G3 (Table 3 , Fig. 4 ), showed that, wollastonite-CaSiO 3 phase, with zircon ZrSiO 4 , β-eucryptite LiAlSiO 4 , zirconia ZrO 2 and TiO 2 (minor) phases were formed. It seems that according to the differential thermal analysis (DTA) of the present glass(G3), the first exothermic peaks appeared at 815˚C was attributed to the crystallisation of wollastonite phase and the second exothermic peak observed at higher temperature (850˚C) was attributed to the formation of zircon, β-eucryptite and zirconia as secondary crystalline phases. The XRD analysis of G5 (Table 3 , Fig. 4) , indicated also that in sample contained CaTiO(SiO 4 ) was crystallized as a major phase together with lithium calcium silicate phase-Li 2 Ca 3 Si 6 O 16 , lithium disilicate-Li 2 Si 2 O 5 , β-eucryptite LiAlSiO 4 and β-spodumene LiAlSi 2 O 6 phases. The results of X-ray analysis of glass-ceramics are also tabulated in Table 3 . According to the XRD analysis, the nucleating agent ZrO 2 , as compared with TiO 2 , has a tendency to the transformation of quartz to wollastonite. In glasses containing TiO 2 , wollastonite crystals have not been formed.
Microscopic examinations
Fig .5 shows the micrographs of sample G1 after sintering taken by SEM at two different magnifications. These figures revealed zircon in wollastonite phase(rod-like morphologies). The line scanning analysis of zirconium is shown in Fig. 5(b) . Zirconia phase was appeared in microstructure of G3 sample. The SEM micrograph in Fig. 6 indicates that the zirconia crystals are smaller than 2µm. Fig. 7 shows EDX analysis of this phase. Fig. 8(b) that the neck growth takes place between the contracting grains with a little particle coalescence. It was also seen from Fig. 8(a) that grain coalescence has occurred, but the remaining pore size is about 3.0 µm. It indicates that almost all pores are isolated. The relative density about 78.0% and 84% for compact LCSA samples contain 2.0 mol% and 4.0% mol%, respectively, as sintering at 1000˚C for 4 h. This result indicates that for adding 4.0%mol TiO 2 in the LCSA precursor incipient melting occurs; however, it does not contribute to the densification of the sintered body. Fig. 9 shows the variation of bending strength of the glass-ceramics with firing temperature. The bending strength of specimen increases continuously up to the optimum sintering temperature, i.e. 1000˚C. Sample G5 at 1000˚C has higher bending strength i.e. 164MPa. It seems that low density is responsible for lower bending strength of G1 and G3. There was rigid zirconia particle in microstructure of G1 and G3, however it contained more porosity, due to its poorer sinterability.
CONCLUSIONS
The sintering Li 2 O-CaO-SiO 2 -Al 2 O 3 with TiO 2 and ZrO 2 additives have been investigated. The results in this study are summarized as follows:
1. Addition of TiO 2 to glasses, shifts the glass transision and the crystallisation peak to lower temperature and improve sinterability. 2. Sample contained TiO 2 and free of ZrO 2 has maximum shrinkage and excellent sinterability. 3. The presence of rigid particle of ZrO 2 in the LSCA glass material reduces the mobility of the LSCA grain boundaries during the sintering process and prevents full densification at 1000˚C. 4. The increase of the sintering temperature to 1000˚C reduce the porosity of the ZrO 2 -LCSA glass ceramic material, but not to the adequate porosity level as observe for the TiO 2 -LCSA material. 5. For the samples of the LCAS precursor powders added with various amounts of ZrO 2 and TiO 2 sintered at 1000˚C for 4 h, the crystallized phases is found to be mostly wollastonite plus a minor phase of zirconia for ZrO 2 agents and mostly CaTiO(SiO 4 ) for TiO 2 . 6. The presence of ZrO 2 and TiO 2 shows a different behavior. The addition of TiO 2 improves the mechanical behavior of the LCSA glass material at 1000 ºC, but the incorporation of ZrO 2 decreases the strength values.
